Abstract. Absolute photoionization cross sections for the Rb 2+ ion were recently measured at high resolution over the energy range 37.31 eV -44.08 eV, with autoionizing Rydberg resonance series identified, using the photon-ion merged-beam setup at the Advanced Light Source (2017) 119501). Detailed photon-energy scans taken at 13.5 ± 2.5 meV bandwidth illustrated multiple Rydberg resonance series associated with the ground and metastable states. Here we present theoretical cross section results obtained using the DiracCoulomb R-matrix approximation with a detailed analysis of the resonances. The calculations were performed for the 3d 10 4s 2 4p 5 2 P o J , J = 3 2 ground state and the corresponding 3d 10 4s 2 4p 5 2 P o J , J = 1 2 metastable level. Results from the large-scale calculations are benchmarked against the als high-resolution measurements and reproduce the dominant resonance features in the spectra, providing confidence in the theoretical work for astrophysical applications.
Introduction
Photoionization of atomic ions is an important process in determining the ionization balances and the abundances of elements in photoionized astrophysical nebulae. It has recently become possible to detect neutron-capture elements (Se, Cd, Ga, Ge, Rb, Kr, Br, Xe, Ba, Pb, etc.) in ionized nebulae [1] [2] [3] [4] [5] [6] . These elements are produced by slow (s-process) or rapid (r-process) neutron-capture nucleosynthesis. Measuring the abundances of these elements helps to reveal their dominant production sites in the Universe, as well as details of stellar structure, mixing and nucleosynthesis [2, 6, 7] , but abundance determinations are affected by a lack of atomic data [8] [9] [10] . In addition to what can be learned from planetary nebulae, Walker et al. [11] used observations of the interstellar 85 Rb/ 87 Rb abundance ratio to gain insight into the relative roles of various n-capture processes in massive stars. Such astrophysical observations are the motivation to determine the electron-impact excitation (EIE), electron-impact ionisation (EII), photoionization (PI), and recombination properties of neutron-capture elements [7, [12] [13] [14] [15] [16] [17] [18] .
With respect to Rb, specifically in support of astrophysical applications, recent work includes calculations of 538 transition energies, transition probabilities, and oscillator strengths of Rb 3+ , substantially adding to the known data [19, 20] , and calculations of transition probabilities and collision strengths for 10 forbidden transitions originating in the ground state of Rb 3+ [6] . In addition, photoionization cross sections of Rb + were measured [21] [22] [23] and calculated [24, 25] . The motivation for the present study of the trans-Fe element Rb 2+ is to provide benchmark PI cross section data for applications in astrophysics, to aid in the formulation of so-called "ionization correction factors" used in the modeling of planetary nebular emission lines of ions of Rb [6, 10, 26] . High-resolution measurements of the photoionization cross section for Rb 2+ with experimentally resolved Auger Rydberg resonance series were recently published in the literature [27, 28] . These high-resolution measurements, made over the photon energy range 37.31 -44.08 eV at the als synchrotron radiation facility in Berkeley, California, were taken with a band pass resolution of 13.5 ± 2.5 meV full width half maximum (FWHM). In tandem with the experiment, R-matrix calculations were performed in the intermediate coupling jK Breit-Pauli approximation facilitating the identification of several highly excited Auger Rydberg resonance states.
In the present investigation we use a fully relativistic approach within the Dirac-Coulomb R-matrix approximation to calculate the cross sections for ground and metastable states. The high resolution als photoionization cross sections are used to benchmark the present PI cross sections and Auger Rydberg resonances. Excellent agreement is found, providing confidence in our theoretical data for various astrophysical applications. This paper is structured as follows: Section 2 presents a brief outline of the theoretical work that was carried out. Section 3 presents comparisons of the calculated PI cross sections and Rydberg resonance series with the experimental data. In section 4 we present a discussion of these results. Finally in section 5, conclusions are drawn from the present investigation.
Theory
High-resolution PI cross-section measurements require state-of-the-art theoretical methods with relativistic effects [29] [30] [31] , in order to obtain suitable agreement with experiment. The present work employs an efficient parallel version [32, 33] of the DiracAtomic R-matrix-Codes (darc) [34] [35] [36] [37] [38] developed for treating electron and photon interactions with atomic systems. This suite continues to evolve [39] [40] [41] [42] [43] [44] in order to address ever increasing expansions for the target and collision models used in electron and photon impact with heavy atomic systems [45, 46] . The latest example of the application to photoionization is the recent comparison of experiment and theory for the Ca + [47] and Rb + [24] ions and the theoretical work on neutral Fe [48] . Suitable agreement of the darc photoionization cross-sections with high resolution measurements performed at leading synchrotron light sources was obtained.
Atomic structure
The grasp code [29] [30] [31] was used to generate the residual Rb 3+ target wave functions employed in our collision work. All orbitals were physical up to n = 3, and in addition the 4s, 4p, 4d, 5s, 5p and 5d orbitals were included. We began by performing an extended averaged level (eal) calculation for the n = 4 orbitals and extended these calculations with the addition of the n = 5 orbitals. All eal calculations were performed on the lowest 18 fine-structure levels of the residual Rb 3+ ion in order to generate target wave functions for our photoionization studies. In our work we retained all the 687 -levels originating from one, and two-electron promotions from the n = 4 levels into the orbital space of this ion. All 687 levels arising from the sixteen configurations were included in the darc close-coupling calculation, namely, the one-electron promotions, 3d 
Photoionization
In our work we used sixteen continuum basis functions and a boundary radius of 14.65 Bohr to accommodate all the diffuse n = 5 orbitals. This resulted in Hamiltonian and dipole matrix sizes in excess of 45,000 with over 3,000 coupled channels in our close coupling calculations. For the ground and metastable initial states of the rubidium ions studied here, the outer region electron-ion collision problem was solved (in the resonance region below and between all thresholds) using an extremely fine energy mesh of 5×10 −8 Rydbergs (≈ 0.680 µeV) for the excited levels investigated. The jjcoupled Hamiltonian diagonal matrices energies were shifted so that the theoretical term energies matched the recommended nist values [49] . We note that this energy Table 1 . Comparison of Rb 3+ energy levels from the grasp code (present work) with nist tabulations [49] and als measurements [27] . Energies are with respect to the ground state and given in eV. Percentage differences ∆(%) are included for completeness. adjustment ensures better positioning of resonances relative to all thresholds included in the calculation [37, 38] .
Level Configuration Term
In the present work the darc PI cross-section calculations were convolved with a Gaussian distribution function to simulate the experimental photon energy bandwidth. Mathematically, a convolution is defined as the integral I over all space of the product of a function F (x) and a function G(u − x),
The integration is taken over the variable x (which may be a 1D or 3D variable), typically from minus infinity to infinity over all the dimensions. In the present work the integration energy range for the convolution of the theoretical PI cross sections is that of the Rb 2+ experimental spectrum, F is the numerical theoretical cross section as a function of the photon energy and G will be the Gaussian distribution [50] corresponding to the resolution of the experimental measurements. Fig 1 gives a comparison of the theoretical PI cross section from the 687-level darc calculations with the als measurements. In order to compare directly with experiment we have statistically averaged over the ground and metastable initial states and convolved our cross sections with a Gaussian distribution having a profile of 13.5 meV. The statistical averaged cross section σ
Total as a function of energy E is Experimental measurements (solid yellow circles) on an absolute scale with the absolute cross section measurements (solid magenta circles) made at selected energies used to normalized the photo-ion yield spectra. See the work of Macaluso and co-workers for further details [27, 28] . Cross section results from the merged beam measurements at the als radiation facility, obtained at a photon energy resolution of 13.5 ± 2.5 meV FWHM, are compared with those from an 687-level Dirac R-matrix (darc) approximation. The darc photoionization cross sections (solid blue line) were convolved with a Gaussian distribution having a 13. with, respectively, σ( 2 P o 3/2 ) and σ( 2 P o 1/2 ) the photoionization cross sections for the ground and metastable states. Over the entire photon energy range investigated the theoretical results from the 687-level darc calculations are in good agreement with the high resolution als measurements. As illustrated in Fig 1, multiple Rydberg resonance series are seen in the cross sections. We now discuss their analysis. 
Resonances
The multi-channel R-matrix eigenphase derivative (QB) technique [51] as developed by Berrington and co-workers [52] [53] [54] was used to locate and determine the resonance positions. The resonance autoionization width Γ can be determined from the inverse of the energy derivative of the eigenphase sum δ [55, 56] at the resonance energy E r via Γ = 2 dδ dE
E=Er .
The Auger widths of the resonances presented in Table 2 -4 are determined via this method where the eigenphase sum is obtained from the large-scale multi-channel close-coupling electron scattering from the residual Rb 3+ ion within the context of the R-matrix method [51] . Tables 2 -4 , and in Fig 3. The QB method is suitable for determining the Auger widths of isolated resonances. We note that more elaborate approaches are used to treat overlapping resonances [57] [58] [59] [60] . In general, the eigenphase sum derivative, which is proportional to the trace of the lifetime matrix, is expressible in the energy region of resonance n as
where dδ b /dE is the small background contribution. The multi-channel R-matrix QB method used here, analyzes the eigenphase sum and its derivative to extract the resonance parameters. Results are presented in Table 2 -4. Overlapping resonances can in principle be analyzed by fitting to this formula; however, when there are multiple overlapping resonances a more comprehensive approach is to examine the eigenvalues of the lifetime matrix, see [58, 60] and sec. 3.2.4 of [51] . For the present work the QB approach may be used to locate isolated resonance energies and to highlight interloper effects in the spectra. We attribute the difference in Auger widths to the different number of coupled channels for the J = As shown in Tables 2 -4 , theory and experiment are in harmony for the resonant energies and quantum defects. No measurements are available for the Auger widths due to the limited als experimental resolution. We note that all of the Auger widths Γ for these Rydberg series have a natural line width very much less than 10 meV. In fact the bulk of them are less than 1 meV. Measurement of such narrow line widths are beyond the present capabilities of the als experimental resolution of 13.5 ± 2.5 meV.
An additional check on the theoretical data was carried out by calculating the integrated continuum oscillator strength f from the experimental cross sections over the energy grid [E 1 , E 2 ], where E 1 is the minimum experimental energy (37.31 eV) and E 2 is the maximum experimental energy (44.08 eV), using [61] [62] [63] ,
Evaluating the continuum oscillator strength f for the als cross section measurements yielded a value of 0.294 ± 0.060, where we have estimated an error of 20% from the als absolute cross sections values [27] . Evaluation of Eq. (5) state. The top panel are the 4s 2 4p 4 ( 3 P 1 ) nd series going to the 3 P 1 threshold, the middle panel the 4s 2 4p 4 ( 1 D 2 ) nd series going to the 1 D 2 threshold, and the bottom panel the 4s 2 4p 4 ( 1 D 2 ) nd series going to the 1 S 0 threshold of the Rb 3+ ion.
-44 eV, as clearly illustrated in Fig 1. We note that the Breit-Pauli cross section calculations reported in the work of Macaluso and co-workers [27] lie consistently higher than experiment in this same photon energy range. However, in their work Macaluso and co-workers [27] did not report a value for the continuum oscillator strength f . Experimentally, corrections for higher order radiation effects [64] on the cross sections, or methods for piecing together all the various high resolution scans to make a complete spectra (see [65, 66] ), might also be important. However, in their work Macaluso and co-workers [27] point out that higher order radiation effects are negligible above 40 eV in their Rb 2+ experiment contributing less than 1% correction.
Results and Discussion
As discussed above, the eigenphase sum derivative was used to extract the resonance parameters. The resonance series identification can be made from Rydberg's formula (see, for example, [67] ) along with the nist tabulations [49] . The energy position νn of a resonance can be obtained via,
with Z the charge of the core (in the present case Z = 3) and the effective quantum number ν n = n − µ n , ∞ is the Rydberg series limit, n is the principal quantum number and µ n the quantum defect. Table 2 presents the Auger energies and quantum defects for the Rydberg series found in the J = Table 4 , clearly illustrate this disruption effect.
Summary and Conclusions
We have carried out large-scale PI cross section calculations using the parallel version of the darc codes. Our statistically averaged cross sections for the ground and metastable states show excellent agreement with the recent measurements from the als [27] radiation facility from thresholds to about 41.4 eV. The present theoretical cross sections in the photon region 41.4 -44 eV are on average about 20% higher than experiment, but they are consistent with previous Breit-Pauli calculations performed on this complex [27] . An analysis of the Auger Rydberg resonances series using the eigenphase sum derivative approach show excellent agreement with previous results within the experimental resolution [27, 28] . Comparison between theory and experiment for resonance energies and quantum defects in Tables 2 -4 , provide further confidence in our theoretical data for applications in astrophysics. Numerical values of the DARC PI cross sections are available on request from the authors. 
